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3U lfllo nced

Measurements of Cell Physiology: Ionized Calcium, o,.,______o__
pH, and Glutathione

PETER S. RABINOVITCH, CARL H, JUNE, and TERRANCE 3. KAVANAGH r Seciation Iit

The flow cytometer can be used to measure a variety of pase C. In many cases, this process requires the intervening

functional parameters that are of increasing interest to cell activation of a guanine nucleotdde binding (G) protein. Phos-

biologists. The recent development of a number of new pholipase C causes the hydrolysis of a membrane phospho-
fluorescent probes now permts the measurement of various lipid, phosphatidylinositol 4,5-bisphosphate (PIP2), which

intraceihilar free ion concentrations in single living cells, yields a water soluble product, inositol I ,4,5-trisphosphaxe
Among these ions are calcium," magnesium, sodium, ([P3), and a lipid, I ,2-diacylglycerol (DAG). [P3 then

pot~assiurn, arnd hydrogen (pH)D. In addition, intracellular causes the release of calcium from intracellular stores while

glutathione, crucial for maintaining the physiological redox DAG, in conjunction with calcium ions, activates protein
stape, can be easily and accurately measured by flow kinase C. Thus, a single agonist can result in the production

cy'tometry. Most previously available techniques to measure of at least two "second messengers," m aking this pathway a
cellular activation parameters determined the mean value for unique, bifurcating system. Calcium is ther, fore a third

a mixed population of cells. The flow cytometer has the messenger" that controls numerous cellular processes, acti-

unique capacity to permit the measurement of physiologic rating a broad variety of enzyme systems, both as a cofactor
parameters in large numbers of single cells; it alows and in conjunction with the calcium-binding protein

correlation with other parameters, such as immunophenotype calmodulin. While it appears clear that the initial elevation
and cell cycle; and, finally, it reveals heterogeneity within of ionized calcium is due to the release of intracellular cal-

the cell population, sometimes even in cells that were ciun stores, little is known about regulation of the influx of

previously thought to be homogeneous. In this chapter, flow calcium from extracellular sources that is necessary to sus-

cytometrMc pechniques to measure inoracellular calcium aran the response.

concentration, pH, and glutathione as well as their
applications are described. Indicators of Intracellular Ionized Calcium

Concentration
INTRACELLULAR IONIZED CALCIUM Until 1982, it was not possible to measure [Cya2bit in small

Introduction intact cells and attempts to measure cytosolic free calcium

were restricted mostly to large invertebrate cells where the
Eukanyotic cells in their resting state maintain an internal use of microelectrodes was possible. Bioluminescent indica-

calcium ion concentration that is far below that of the cx- tors, such as aequorin, a calcium-sensitive photoprotein, are

tracelilular environment. Ionized calcium has fr important well suited for certain applications (I). Their greatest limits-

role as a mediator of transmembrane signal transduction, and son is the necssity for loading into cells by microinjecthoni

elevations in intracellular ionized calcium concentradon or other forms of plasma membrane disruption. [Ca 2*] was

([Car ]) regulate diverse cellular processes. Measurement of first measured in diverse populations of cells with the devel-

[Ca 2"]i in living cells is thus of considerable interest to i U- opment of quiit2 (2). The indicator was easily loaded into

vestigators over a broad area of immunology and cell biol- small intact cells using a chemical technique developed by

ogy. Tsien (3). Cells are incubated in the presence of the acetox-

Calcium influx is thought to be initiated by membrane ymethyl ester of quin2. This uncharged form is cell permeant

depolarization, which opins voltage-gated channels, or by and diffuses freely into the cytoplasm, where it serves as a

the binding of ligands to receptor-operated channels. The nst- substrate for esterass. Hydrolysis releases the tetrasnionic

ter case is more commonly encountered by investigators us- form of the dye that is tapped inside the cell. Unfortunately,

ing flow cytomeuy, as these mechanisms prdooM inate in quiof 2 has several disadvantages that limit its application to

cells that a e not elecgtrically excitable; in ,his case, the bind- flow yt ofntry (4). Its relatvely low extinction coefficient

ing of agonis to its specific membrane reciepmor lg tivates e- and quantum yield have made detection of the dye at low
zymalc prnoc uses that r tsult in the activation of phosphomi- conceneations difficult; at highedr oncentrations, quir2 itself

d5 w ie v

ter cu i m co m monl en o n e e b,,, inve tig tor ,u,- for of the dy that is mtIamlmld insii th el n ot n atl y



506 PART II: CLINICAL APPLICATION

coo" "ooc coo Doc ( OC an individual cell. Rijkers et a]. (9) have suggested using the
oro'oooo-o- ratio of fluo-3 to SNARF- I (SemiNaphthoRhodaFluor) fluo-NN N N N N o

0o,,o o 0 0 o0 rescence for this purpose (see subsequent section on pH).

SciC Preparation of Cells for Indo-1 or Fluo-3 Analysis

OH cUptake and retention of indo-1 and fluo-3 is facilitated by

EGTA FLUo3 INDO I the use of their penta-acetoxymethyl esters, using the

Figure 31.1. Structure of the [Ca'*1 probes indo-1 and fluo-3 as scheme described above. Approximately 20% of the total

wen as, for reference, the structure of the calcium chelator EGTA. dye is trapped in this manner during typical loadings. After

Note the identical calcium-binding domain in all three compounds. loading, the extracellular dye should be diluted 10- to 100l.
fold before flow cytometric analysis (10). A typical protocol

buffers the [Ca2 ]i. Subsequently, Grynkiewicz et al. (5) de- for cell preparation might be:

scribed a new family of highly fluorescent calcium chelators 1. Incubate 0.5 - 20.0 x 10' cells,'ml in medium with 1 - 3 i.LM

that overcome most of the above limitations. One of these fluo-3 or indo-l (acetoxymethyl esters) at 37C for 30 min. For

days, indo-l (Il-[2amino-5-[6-carboxylindol-2-yl]-phe- cells that are difficult to load, or that result in heterogeneous
yethane N,N,NN'-te- loading, 0.02% (final vol/vol) pluronic detergent F-127 (Molec-

noxy]a2ia2'(amino-g.3methlyphenoxy] ethane that make ular Probes) may be added to the above before incubation, with
traacetic acid)) (Fig. 31.1), has spectral properties that make subsequent incubation at 30'C (11, 12). An additional option for
it especially useful for analysis with flow cytometry. In par- the use of fluo-3 is to retard transport of the deesterified dye out

ticular, indo- I exhibits large changes in fluorescent emission of the cell by adding 4 mM (final concentration) probenecid dur-

wavelength upon calcium binding (Fig. 31.2). As described ing loading. In initial experiments, we suggest using lympho-
below, use of the ratio of intensities of fluorescence at two cytes, as they are easily and reliably loaded. Later, when the
wavelengths allows calculation of [Ca2* ], independent of va- technique is validated on the flow cytometer, other cell t'pes
riability in cellular size or intracellular dye concentration. can be utilized.
The only significant drawback to the use of indo-l is the 2. For experiments with simultaneous immunofluorescence, incu-

requirement for ultraviolet (UV) excitation. bate aliquots of the above with saturating concentrations of R-

A practical alternative to indo- I became availab)e upon phycoerythrin (PE)-conjugated antibody (with fluo-3) or fluores-
the description by Minta et a]. (6) of a fluorescein-based, cein isocyanate (FITC)- and'or PE-conjugated antibody (with

calcium-sensitive probe, fluo-3 (Fig. 31.1). This dye exhib- indo-l) at room temperature for 30 min. Antibodies should be
azide-free in order not to poison cellular metabolism.

its an increase in fluorescence intensity with increasing 3. Centrifuge the above for 6 rain at lS0g at room temperature.

[Ca:*]i (Fig. 31.3). Fuo-3 is less sensitive than quin2 and Gently resuspend (do not vortex) in medium.at the desired cell
indo-I at detecting small changes in [Ca-*]j, in part, because concentration (usually - 10,''m]) at room temtperature. The me-
the Kd is higher (400 nM); conversely, this may be an ad- dium used for resuspension and analysis can be dictated primar-
vantage if the experimental situation involves the distinciton ily by the metabolic requirements of the cells, subject only to
between stimuli, all of which produce large (above 400 rim) reasonable pH buffering (preferably not solely bicarbonate, as it

[Ca 2*÷i responses. An additional advantage with fluo-3 is aill become alkaline) and the requirement that mM concentra-

that it can be used with other probes such as caged calcium tions of calcium be present. If analysis of Ca:- released from

chelators that may themselves require UV excitation (7). intracellular stores (independent of influx of extracellular Ca")

Furthermore, the use of fluo-3 permits, for the first time, the is desired, addition of 5 mM EGTA (ethylene glycol bis (.ami-

simultaneous use of other UV-excitable probes for flow noethyl ether)-N,N,N',N'-tetraacetic acid) to the cell suspension
simulta suh use othoseu or cwill reduce Ca:* to -20 rnM, thus abolishing the usual cross-
cytometry, such as those used for cell cycle analysis or mea- membrane gradient.
surement of intracellular glutathione, allowing correlation of 4. Hold cells at room temperature (-22'C) until ready for analysis.
these parameters with calcium responses. The primary disad- Leakage and compartmentalization of both dyes is accelerated at
vantage of fluo-3 is that it does not have fluorescence higher temperatures. Warm an aliquot of cells to 37C for at
properties that allow ratiometric determinations. Therefore, least 5 mrin before analysis. Analyze at 37C. For a 10-min anal-
calibration on a flow cytometer is more complicated because ysis, use at least 0.5 ml (usually containing -10' cells), so that

the signal is proportional to cell size and dye concentration cell transit is rapid from the warm sample chamber to the flow

as well as [Ca2*]J. Thus, the ability to measure responses in cell (this is usually through unheated small caliber tubing).

subsets of cells is more limited because the broad distribu- [Ca3 I• responses are highly temperature-dependent and reduced

don of fluorescence intensities of unstimulated cells often re- or even absent calcium responses will be seen at lower tempera-

suits in an overlapping distribution of the values from stimu- asea,.
5. After obtaining a baseline mesurement for a sample, kinetic

lated and unstimulated cells. This problem can be minimized analyses are typically performed by quickly ceasing flow, re-
by loading ,.tlls in the presence of pluronic F-127 (see be- moving the sample container, adding agonist, and rapidly re-
low), which minimizes the cell-to-cell variation in loading starting flow (more sophisticated and rapid sample injection
with fluo-3 (8), or by the simultaneous use of a second dye schemes are possible, but for the great majority of applications.
that serves as an indicator of the magnitude of dye loading in the above -ill suffice).
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100 Figure 31.2. Emission spectra for indo-1 as a function
of ionized calcium concentration. Fluorescence excited
at 356 nm was measured in a spectrofluorimeter. At
wavelengths below 400 nm. emission in the absence of

R calcium drops to a few percent of that seen in the pres

E ence of calcium. About 500 nm, there is more than a

L 75 fourfold converse difference. The lCal"I of EGTA buffer

A solutions used is shown at the right.
TI
V
E
I so 40 nM

N
T
E
N onM

S 2
2550n1

T
Y .,"00 nm

0 1 I

400 450 500 550

WAVELENGTH (nM)

FLUO-3+ Co 2 t EMISSION tain the hydrophilic imperrneant dye and can be excluded by
SC Mgating during subsequent analysis. The lower limit of useful

Ex=490nm intracellular loading concentrations of both indo- 1 and fluo-3
61.6 pM is determined by the sensitivity of fluorescence detection of

the flow cytometer, and the upper limit is determined by
'C avoidance of buffering of [Ca 2 i] by the presencd of the cal-

cium chelating dye itself. In practice, one should use the
5 least amoung of dye that is necessary to reliably quantitate

025 the fluorescence signal. In the case of indo-l, the dye has
1 excellent fluorescence characteristics (30-fold greater quan-

turn yield than quin2; (5) and useful ranges of indo- I loading
0.042 are much lower than the millimolar amounts required withquin2. In using the newer dye fluo-3, one should begii with

500 5 5 550 5t5 the same lower concentration that is found to be suitable
Wovelength (nm) with indo-1 and increase loading only if detection against

Figure 31.3. Emission spectra for fluo-3 as a function of Ionized cal- background autofluorescence becomes limiting (autofluores-
cium concentration. The concentration of Ca* in the buffer solutions cence in the green spectrum is greater than in the blue or
Is Indicated for each Individual spectrum. (Courtesy of R. Haugland, violet spectrum used by indo-1). For human peripheral blood
Molecular Probes, Eugene, OR). T-cells, we have found adequate detection of both dyes at or

above 1 1I.M (for indo-I intracellular concentrations achieved
6. Cablbrate using one of the approaches discussed subsequently. If with this loading are -5 PM). Buffering of [Ca t* ]i in human

using iooomycif, it is n.ceay to be scrupulous in removing T-cels can be observed as a slight delay in the rise in [C&2*1i
redu ionopbore before analyzing the next sample. Use and a retarded rate of return of [Ca2*] to baseline values. In
washes with bleach and/or dimethyl sulfoxide (DMSO) to facili- the case of indo-1, this was seen when loading concentra-
tate the removal of vaces of ionomnycin.tions above 3 I.M (22 ILM intracelular concentmtion) were

One hncidental benefit of the above loading strategy is used. A reduction in peak [Ca2*], occurred at even higher
that this mrcedure, like the more familiar use of fluorescein indol-l concentrations (10). Chused et Al. (13) have ob-
diacews or carboxyfluorescein diacetate, allows one to dis- served slghtly greater sensitivity of murine B-cells to indo- I
tingish between live and dead cells. The latter will not re- buffering, recommending a loading concentration of no
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greater than I p.M. In side by side comparisons, we have (Fig. 31.2). The choice of filter combinations can lead to
found that calcium transients in B-cells are much more sensi- substantial differences in the magnitude of observed changes
tive to the effects of buffering by indo-1 than are T-cells. For in the violet-blue ratio, perhaps best summarized by the
human platelets, a 2 j.M indo-I loading concentration has value R,./R, the range of change in indo-1 ratio observed
been reported (14). Rates of loading of the dye esters can be from resting intracellular calcium (R) to saturated calcium
expected to vary between cell types, perhaps as a conse- (R.. 1 ). Filters centered at 530 nm (green) and 395 nm (vio-
quence of variations in intracellular esterase activity. In pe- let) result in a R,.,/R ratio of 9.0 (individual instruments
ripheral human blood, more rapid rates of loading are seen in may vary somewhat). Replacing the 395-nm emission filter
platelets and monocytes than in lymphocytes. Even within with one centered on the peak "violet" emission of the cal-
one cell ty e, donor- or treatment-specific factors may affect cium-bound indo-I dye (405 nm) reduces R,,AfR to 7.9. In-
loading; for example, lower rates of indo-1 loading are seen stead, replacing the 530-nm filter with one centered on the
in splenocytes from aged mice than from young rrice (15). peak "blue" emission of calcium-free indo-I dye (485 nM)

Indo- I has been found to be remarkably nontoxic to cells reduces R,,./R to 6.6. Thus, a greater dynamic range of the
subsequent to loading. Analysis of the proliferative capacity indo-I ratio is observed when light nearer to the isosbestic
of human T-lymphocytes (10) loaded with indo-I has shown (450 nm) is avoided. Note that if a 525- to 530-nm bandpass
no adverse effects on the ability of cells to enter and corn- filter is used for the longer indo-I emission wavelength, then
plete three rounds of the cell cycle. Similar results have been this same filter and photomulhiplier tube can be used for
obtained with murine B-lymphocytes (13). This is especially (temporally displaced and gated) FITC emission.
pertinent to the viable sorting of indo-I loaded cells based on
[Ca2-)], as described subsequently. Calibration of Fluorescence to [Cal*],

Prior to the development of indo-1, [Ca2:]i determination
Flow Cytometric Analysis Technique with quin2 fluorescence was sensitive to cell size and intra-
The instrumental setup for fluo-3 analysis is simply that used cellular dye concentration as well as [Ca2" ]i. This made nec-
for routine FITC analysis, i.e., 488 nm excitation and detec- essary the calibration of each loaded sample (in fact, strictly
tion of emission in a band centered near 525 nm. Considera- speaking of each individual assay) by determination of the
tons for indo-I analysis are slightly more complex. The ab- fluorescence intensity of the dye at known Ca:" concentra-
sorption maximum of indo-l is between 330 and 350 nm , tions, or at least at zero and saturating Ca-*. This is still the
depending upon the presence of calcium (5); this is well case for analyses with fluo-3. In contrast, with indo- I, use of
suited to excitation at either 351-356 nrm from an argon-ion the Ca2"-dependent shift in dye emission wavelength allows
laser, or 337-356 nm from a krypton-ion laser, and (al- the ratio of fluorescence intensities of the dye at the two
though spectrally slightly less optimal) almost the same per- wavelengths to be used to calculate [Ca2*i],•

formance can be obtained by excitation at 325 nmn using a (R - R-&) S
helium-cadmium Laser. Laser power requirements depend [Ca:*]i = Kd - B• [Eq. 31.1]
upon the choice of emission filters and the optical efficiency (R. - R) Sb

of the instrument; however, under optimal optical conditions where Kd is the effective dissociation constant (250 nM at
(i.e., using quartz flow cells) as little as 5-10 mW excitation 37°C, pH 7.05), R, R.,, and R. are the fluorescence inten-
appears satisfactory, within the range available from helium- sity ratios of violet-blue fluorescence at the experimental,
cadmium lasers. In this regard, the stability of the intensity zero, and saturating [Ca 2"]i, respectively; and S.01&2 is the
of the excitation source is less important in this application ratio of the blue fluorescence intensity of the calcium-free
because of the use of the ratio of fluorescence emissions. and calcium-bound dye, respectively (5). Note that the Kd

An increase in [Cal*]i is detected with indo-I as an in- varies dramatically as a function of temperature, pH, and
crease in the ratio of fluorescence intensity from a lower to a ionic strength. The term SpISh2 is a constant that depends in
higher emission wavelength. The optimal strategy is to select largest part on the filters used for indo-l analysis. Determi-
bandpass filters so that the collection of light near the isos- nation of R.,, R.-,- and SI/Sj,2 for calibration of indo ratios
bestic point is minimized and the collection of fluorescence allows the direct determination of [Cal*], using the above
that exhibits the largest variation in calcium-sensitive emis- equation. Determintion of Ra.u is easily performed by addi-
sion is maximized. The choice of filters used to select these tion of the calcium ionophore ionomycin to a cell sample (1-
wavelengths is dictated by the spectral characteristics of the 3 tIg/ml final). Unfortunately, simply adding EGTA to cells
shift in indo-I emission upon binding to calcium (Fig. 31.2). treated with ionomycin and metabolic poisons does not re-
The original spectral curves published for indo-1 (5) did not duce the fluorescence ratio of cells to R.P,. The details of a
depict the large amounts of indo- I emission in the blue-green strategy that makes use of a spectrofluorimeter in addition to
and green wavelengths; in practice, we find that there is the flow cytometer has been previously described (10). Be-
more light available in the blue region than in the violet re- cause the ratiometric analysis is independent of cell size and
gion, although the dynamic range of the calcium-sensitive total intracellular dye concentration as well as of instrumen-
changes in the violet region exceeds that of the blue region tal variation in efficiency of excitation or emission detection,
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it is not necessary to measure the fluorescence of the dye in possible by the recent commercial availability of carefully
the calcium-free and calcium-saturated states for each indi- prepared calcium buffer solutions (Molecular Probes, Eu-
\vidual assay. In principle, it is sufficient to calibrate the in- gene, OR).
strument once, after which only R is measured for each sub-
sequent analysis. In practice, the minimum quality control Display and Analysis of Results
should include determination of the value of R,,•/R (cells
treated with ionomycinlresting cells) for each experiment; Analyses with fluo-3 require the observation of changing flu-

day-to-day optical variations in the flow cytometer are usu- orescence intensities, while the analysis of indo-1 (and of

ally minimal (with the same filter set) and, thus, a narrow fluo-3, if normalized for cellular loading differences by us-

range of R-J/R values should be obtained. ing the ratio to fluorescence of a second dye) requires deter-

As an alternative to the combined use of a flow cytome- rmination of a ratio of two fluorescence intensities. Fortu-

ter with a spectrofluorimeter, Parks et al. (16) have proposed nately, commercial flow cytometers all have some provision
that, with minor modification, the flow cytometer may be for a direct calculation of the value of the fluorescence ratio,
used as a spectrofluorimeter. In essence, the fluorescence of either by analog circuitry or by digital computation. If cellu-
a steady stream of dye is measured by the photomultiplier lar indo-1 loading is extremely heterogeneous, it may be de-
and the photomultiplier voltage is analyzed as in a standard sirable to work with a logarithmic conversion of "'violet"
spectrofluorimeter, or, even beter, the voltage is electroni- and "blue" emission intensities in order to observe a
cally converted to a pulse for processing by the flow cytome- broader range of cellular fluorescence. In this case, the in-
ter. An alternative approach to create such a pulse is to rap- strument must permit the logarithm of the ratio to be calcu-
idly strobe the laser, such that the beam is illuminated for lated by subtraction of the log "blue" from the log "vio-
only I.sec intervals. Preliminary experience with this tech- let" signals (10).
nique suggests that it is possible to determine all of the con- Plotted as a histogram of the ratio values, quiescent cell

stants necessary for calibration directly on the flow cytome- populations stained with indo-1 show narrow distributions of
ter using EGTA-depleted and calcium-saturated indo-1 ration, even when cellular loading with indo-I is very heter-
solutions. ogeneous, and coefficients of variation (CVs) of less than

An alternative approach to calibration can be based upon 10% are common (Figs. 31.4A and 31.4!). For simple fluo-3
a regression curve that relates R to treated cells suspended in analyses, variation in dye loading will result in wider CVs
a series of precisely prepared calcium buffers. Chused et al. (Figs. 31.4B and 31.41). In either case, the effects of pertur-
(13) have suggested that ionomycin plus a cocktail of meta- bation of [Ca2* ]i by agonists can be noted by changes in the
bolic poisons be used to collapse the calcium gradient to zero histogram profiles, observed by storing histograms sequen-
([Ca 2"], = [Ca2"]o). Thus, this technique allows one to esti- tially over time, with subsequent analysis of data.
mate [Ca 2 )i] without the need to determine R,, Sp or Sb:, A more informative and elegant display is obtained by a
although it is subject to limitations in the precision with bivariate plot of indo- 1 ratio or fluo-3 fluorescence intensity
which one can prepare a series of calcium buffers that yield vs. time. The bivariate data can be displayed as "dot plots"

known and reproducible free calcium concentrations. Accu- on which the indo-1 ratio or fluo-3 intensity of each cell
racy of prediction of ionized Ca2 ÷ concentration in buffer (proportional to [Ca 2 *1i) is plotted on the Y-axis vs. time on
solutions depends on a variety of interacting factors, so thatcare must be exercised in formulating Ca2" standards. The the X-axis (Figures 4A and 48). Alternatively, the data can

caremus beexecisd i fomulaingCa2 stndads.The be presented as "isometric plots" in which the X-axis repre-ionized calcium concentration in an EGTA buffer system de- b rsne s"smti lt"i hc h -xsrpe
insonized c magnesium concentration; other metals such as sents time, the Y-axis is indo-I ratio or fluo-3 intensity, andpends on the ane l nntratum als such as the Z-axis is the number of cells (Figs. 31.4K and 31.4L). In
aluminum, iron, and lanthanum also bind avidly to EGTA these bivariate plots, kinetic changes in lCa2Ii, are seen with
(17). In addition, the dissociation constant of Ca4÷-EGTA is mh greate plo n, lit ed on by the seer with
a function of pH, temperature, and ionic strength (review 1, much greater resolution, limited only by the number of chan-
19). For example, in an EGTA buffer (total EGTA 2 rM, nels on the time axis, the interval of time bc',een each chan-
total Ca2* I mrM, ionic strength 0.1 at 37C), changing the nel, and the rate of cell analysis. Changes in the fraction of

pH from 7.4 to 7.0 can result in the ionized calcium increas- cells responding, the mean magnitude of the response, and

ing by more than 200 nM, a change that is approximately the heterogeneity of the responding populaiton are best ob-

twice the magnitude of that found in resting cells and that is served with these displays. For example, it can be seen in

easily measured on a flow cytometer. Finally, it is important Figures 31 .4A and 31.4K that for CD4* T-cells at I min af-

to prepare the buffers using the "pH metric technique" (19), ter the addition of antibody to CD3, the response is highly

in part because of the varying purity of commercially avail- heterogeneous, with some cells not yet responding and other
able EGTA (20). Detailed methods and a computer program cells achieving very high levels of [Ca 2*÷i. Figures 31.4B
that will determine [Ca'j] as a function of pH, total calcium and 31.4L show that when the analysis of fluo-3 and indo-I

and magnesium concentrations, temperature, and ionic in the same cells are compared, the presence of the broader
strength e available from one of this chapter's authors (C. CV of the measurement with fluo-3 results in a diminished

June). A practical alternative for obtaining buffers is made ability to resolve the heterogeneity of the response.
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For many purposes, it is simpler and preferable to ex- cellular immunophenotype simultaneously with the [Ca2*],
amine and compare a univariate parameter describing the assay, allowing alterations in [Ca 2*]j to be examined in, and
cellular response vs. time. There are several such parameters correlated with, specific immunophenotypic subsets. FITC-
that can be derived from the bivariate data for this purpose. and PE-conjugated antibodies can be used with indo-1, and
Calculation of the mean Y-axis value for each X-axis time PE and allophycocyanine (APC) (or other red-excited dyes)
interval allows presentation of the data as mean ratio or fluo- can be used with fluo-3. Only the fluo-3/PE combination can
rescence intensity vs. time (10), as shown in Figures 31.4C be performed with a single-laser flow cytometer, the other
and 31.4D. Calibration of the ratio or intensity to [Ca'"]i combinations require a dual-laser flow cytometer.
allows data presentation in the same manner as traditionally Numerous examples of the analysis of [Ca 2*)i in immu-

displayed by spectrofluorimetric analysis, i.e., mean [Ca2*]i nophenotypically defined subsets have been described (re.
's. time (Figs. 31.4E and 31.4F). While this presentation view, 22). Several illustrative examples will demonstrate the
yields much of the information of interest in an easily dis- utility of this approach. Figure 31.5 shows the simultaneous
played format, data relating to the heterogeneity of the analysis of CD4÷ and CD8÷ subsets of PBL, performed us-
[Ca-*]i response are lost. Some of this information can be ing two-color inmmunofluorescence simultaneously with

displayed by a calculation of the "proportion of responding indo-I. This figure is also chosen in order to illustrate the
cells." If a threshold value of the resting ratio distribution is importance of the interaction of receptors on the cell surface

chosen, i.e., one at which only 5% of control cells are above (in this case by cross-linking) and the relative contributions
the threshold value, the proportion of cells responding by ra- of internal and external calcium stores.

1io elevations above this threshold vs. time yields a presenta- Addition of an anti-CD3 antibody alone (3 p.g/nm,
tion that is informative of the heterogeneity of the response UCHT-l, Dako Corp) in this experiment had only a small
(Figs. 31.4G and 31.4M). A more sophisticated measure of effect upon [Ca:÷]i in either CD4* or CD8" subsets (see 2-
the proportion of responding cells can be derived by the ap- to 4-min interval of Fig. 31.5). This antibody differs from

plication of histogram subtraction techniques as illustrated in that of Figure 31.4, in that the laner produces a greater
Figures 31.41 and 31.4J: The measurement of unperturbed [Ca2 "] response in the absence of further cross-linking.

cells in the initial period of observation can be used as the When saturating amounts of goat antimouse antibody is
"control" fluorescence or ratio distribution; at each subse- added (at time 4 rain), an intracellular calcium response is

quent time interval, the cumulative subtraction technique seen that is greater in CD4÷ cells than in CD8" cells. As the

(21) has been used to subtract the control distribution from extracellular medium used in this experiment contained little

the observed distribution. Comparison of Figure 31.4H with Cal*, the response from 4 to 7.5 rain represents mobilization
Figure 31.4. shows that the latter technique is less sensitive from intracellular stores. This response is characteristically

to the shape and width of the control distribution; this differ- of short duration (compare Figs. 31.5C and 31.SD to Figures
P ence is more dramatic in Figure 31.5, described below. 31.4E and 31.4F), which is the strongest evidence that the

extended phase of elevated [Ca:÷] is maintained by influx of
Simultaneous Analysis of [Ca2*], and Other extracellular Ca2÷. To illustrate that calcium channels have,
Simlu neousAne almstes of ain fact, been opened by the cross-linked stimulus in Figure
Fluorescence Parameters

31.5, Ca:÷ was added to the extracellular medium at time
The most common application for use of additional fluoro- 7.5 rain; this is accompanied by an immediate elevation of
chromes with [Ca2÷] analysis will be the determination of [Ca2÷]i, with a sustained response. Again, the magnitude of

Figure 31.4. Comparison of indo-1 and fluo-3 measurement of vs. time is shown in C and fluo-3 intensity vs. time is shown in D. The
tCa-I, and methods of displaying and analyzing calciurmi signaling in data were converted to calcium concentration vs. time by calibration,
single cells as a function of time. Human PBL were loaded simultane- using measured constants in equation 1 for indo-1 (E) and by calibra-
ously with 3 "Ig/ml indo-1 and 3 ipg'rnl fluo-3, stained with PE-CD4 tion with buffer solutions for fluo-3 (F), and the values were plotted vs.
mAb, and then stimulated with anti-CD3 antibody (10 ipml G19-4, a time. Note that whereas the shapes of the curves for mean indo-1
gift from Dr. Jeff Ledbetter, Oncogen, Seattle, WA) at approximately 1 ration (C) and fluo-3 intensity (D) are different (particularly in an ap-
min after the start of analysis (note gap in data acquisition). Violet and parently slower return to baseline after 4 min in (D), once converted to
green indo-1 emission (UV-exclted) and green fluo-3 and orange PE [Cal-), the two measurements are essentially identical. The apparent
emission (temporally delayed 488-nm exciled) were collected simulta- discrepancy in C vs. D is related to the different values of Km for indo-
neously for each cell. Only results gated from PE-CD4* cells are dis- 1 and fluo-3. The percent cells responding with ICa2*] elevated be-
played. In A and B, the results are displayed as a "dot plot" In which yond two standard deviations above the mean of the cells before anti-
[Ca0'i Is plotted for each cell analyzed on a 100 x 100 pixel grid, body stimulation ("percent cells above threshold") are plotted for
where the X-axis Is time and the Y-axis is indo-1 ratio or fluo-3 fluores- indo-1 (G) and fluo-3 (H). The percent responding cells calculated by
cence Intensity. The number of cells per pixel is displayed by dark- cumulative curve subtraction (see text) are plotted in I and J for indo-1
ness that ranges over 12 levels. At the bottom, K and L, isometric and fluo-3, respectively. Data analysis In this and subsequent figures
plots of the same experiment In A are shown; sequential histograms was pelormed with a sottware program written by one of the authors
are plotted In which the X-axis represents time, the Y-axis [Ca'** or (P.S. Rabinovhtch) ("MuliTime," Phoenix Flow Systems, San Diego,
fluo-3 Intensity, and the Z-axIs number of ceft. The mean Indo-1 ratio CA).
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this final response is greater in CD4÷ cells than in CD8÷ population for their subsequent biochemical analysis or
cells, growth. Results of artificial mixing experiments with Jurkat

Comparison of the percent of cells above a threshold (T-cell) and K562 (myeloid cell) leukemia lines indicate that
(Figs 31.5E and 31.5F) with the proportion of responding subpopulations of cells with variant [Ca2*]i comprising <1%
cells calculated by curve subtraction (Figs. 31.5G and of total cells could be accurately identified (10). Goldsmith
31.5ff) shows a substantial difference between the two mea- and Weiss (25, 26) have reported the use of sorting on the
sures: The latter calculation detects more responding cells basis of indo-I fluorescence to identify mutant Jurkat cells
than the former. This difference is greater in Figure 31.5 that fail to mobilize [Ca2 j]i in response to CD3 stimulus, in
than in Figure 31.4, due in largest part to the presence in spite of the expression of structurally normal CD3/Ti comn-
Figure 31.5 of a greater fraction of cells with elevated plexes. These experiments suggest that sorting on the basis
[Carl] in the "resting" control population; in such a case, a of indo-I fluorescence can be an important tool for the selec-
threshold set to exclude all but 5% of the "resting" popula- tion and identification of genetic variants in the biochemical
tion may be required to be at a relatively high [Cal*]j value, pathways leading to Ca2- mobilization and cell growth and
whereas the method of curve subtraction avoids this problem differentiation.
(21).

As a second example, Figure 31.6 shows the analysis of Critical Aspects in the Analysis of [Cal ], by Flow
mrtine splenocytes. While approximately 50% of murine Cytometry
splenocytes are B-cells, only approximately 10% are T-cells COMPLICATIONS IN LOADING AND INTRACELLULAR
(CDM-positive), as seen frnm the bivariate analysis of FITC- ENVIRONMENT
CD20 vs. PE-CD5 (Fig. 31 .6A). When a T-cell stimulus (an- Potential problems to be aware of in the use of [Ca-" dye
tibody to the T-cell receptor, CD3) is applied to the spleno- indicators include compartmentalization, leakage or secre-
cytes, only a very small response is visible in the total popu- tion 'of dye, quenching by heavy metals, and incomplete
lation. In contrast, when the indo-I analysis is gated upon deesterifcation of dye ester. The flow ctometric analysis of
the CD5÷ CD20- cells, then the response of the minority [ ]usi iicatof dye es Thedicated anahis of
subpopulation of T-cells can be seen to be vigorous, and, as fCa2 ]di using indicator dyes is predicated on achieving uni-

expeted theCD5CD20 cels how o rspone (ig. form distribution of the dye within the cytoplasm. In several
expected, the CD w-CD20÷ cells show no response (Fig. cell types, the related dye fura-2 has been reported to be
31.68). Conversely, when a B-cell stimulus (anti-IgM) is coprm taiewthnrgnes(728.nbonea-
applied, the response of the immunophenotypically identi- compartmentalized within organelles (27, 28). In bovine aor-
appied, the responstwie othe mgitudpheofthpicat identi- thetic endothelial cells, fura-2 has been reported to be localized
fled B-cells shows twice the magnitude of that seen in thetochondria; however, under those condiios, indo-I e-
ungated total population of splenocytes, while the T-cell
subset, as expected, shows no response (Fig. 31.6C). mained diffusely cytoplasmic (29). Thus, it is ýossible that

there will be fewer problems with compartmentalization of
Using other probes excited by visible light, it is possible indo-I than with fura-2. Some cell types, such as neutrophils

to analyze additional physiologic responses in cells simulta- andonocits and Some cell lines suoppos toprimrneously with [Ca2*],. "the simultaneous analysis of mere- and monocytes, and some cell lines (as opposed to primary
brane potential and [Ca2 -3]e has been accomplished by several cells) appear to be more susceptible to compartnentaliza-
graotential, 4), and s~~imlhasnbeen accompished by sal* and tion. In addition, compartmentalization is enhanced by pro-
groups (23, 24), and simultaneous analysis of [Ca2 )i, and longed incubation of cells at 37C. In general, it is advisable
pHi will be illustrated in a subsequent section of this chapter. to examine the cellular distbution of tndo-1 or fluo-3 mi-

croscopically and, in each new application, to confirm the
Sorting on the Basis of [Ca-l• Responses expected behavior of the dye. This is done by determining

The ability of the flow cytometric analysis with indo-1 to the ratio of R.. to R as a control for each experiment, as
observe small proportions of cells with different [Ca 2'i] re- described below. In addition, one should store indo-I loaded
sponses than the majority of cells suggests that the flow cy- cells at room temperature after loading and use the cells
torerter may be useful to identify and son variants in the promptly after loading. Since heavy metals may quench the

Figure 31.5. Analysis of lCa1'l in human PBL stained with indo-1 acleristic of mobilization of Cal* from intracellulu stores, without in-
and goed to show PE-positive CD4 cells (A, C, E, 0, I) and PE- flux of extraoallutat Cal- (see text). Al 7 rain, 10 mM CaCI. was added
Texaw-red-tandem-oonjgae (ECD, Coulter Corp.) positive CD8 cells to the medium. A and B display "dot plot$" of indo-1 ratio vs. time; C
(B, D, F, l, J). Cells were suspended In medium with 5 mM EGTA, and D show calibrated ICa'-) vs. time; E and F show the percent of
which reduced available extracellular Cal to approximately 20 nM cells above a threshold vs. time (the threshold ratio is set such that
(10). At I min after the start of analysis, 3 ig/ml an'i-CD3 mAb only 5% of "resting" cells are above that ratio, see text); G an K
UCHT-1 was added (Dako Cow.; tOi antibody by Itself produces only show the percent responding cens vs. time; and I and J show isomet-
a small JIJa' responlse), and at 4 min, 20 p~riV goa antimouse anti- rio displays of fth Vxlnd ratio vs. time.
body wee added. The retum to baseline after a M,-ck response Is char- -'

ii l i m il • • • •
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e2 indicator dye fluorescence, the use of the membrane
A ::permeant heavy metal chelator diethylenetriaminepentaacetic

D t"-. D 0acid (TPEN) may be advisable for cell lines that contain in-
. creased amounts of heavy metals (30). In situations in which

loaded dye is not retained intracellularly for a sufficient
length of time, the dye is often being actively secreted and

0 6• the use of probenecid, a blocker of organic anion transport,
Of may be beneficial (27).
"M If, for a particular cell type loaded with indo-l, the mag-
CL 4• nitude of change between R and R. is in good agreement

with the values predicted from spectral curves of indo-I in a
cell-free buffer, then it would be unlikely that the dye is ;n a
compartment inaccessible to cytoplasmic Ca*, in a form un-
responsive to [Ca"'], (i.e., still esterified, see below), or in a
cytoplasmic environment in which the spectral properties of
the dye have been altered.

26 4T 6Y 16 It has been suggested that both fura, 2 and indo- I (and byFITO THY-i1
O • extension, presumably fluo-3) may be incompletely deesteri-

fied within some cell types (31, 32). Since the fluorescence
, B of the ester has little spectral dependence upon changes in

Ca'*, the presence of this dye form could lead to false esti-
mates of [Ca2 ]i. Again, results of calibration experiments
are helpful in excluding this possibility. Further, it has been

2W• proposed that since indo-1 fluorescence, but not that of the
indo-1 ester, is quenched in the presence of rmM concentra-

* dions of Mn 2÷, then, in the presence of ionomycin, MN"÷
, .... .:,-,-. .. .. -2• can be used as a further test of complete hydrolysis of the

, . . .. indo-1 ester within cells (31).
Because of its more recent introduction, there is rela-

tively little information available at this time regarding the
relative importance of each of the above concerns when us-
ing fluo-3. To illustrate, however, the possibility that each

a, 3_ . dye may be subject to different intracelular processing and
S 4 s IS environments, Figure 31.7 shows results obtained with

TIME (MIN) human peripheral blood lymphocytes (PBL) loaded similta-
4,A C"neously with indo-I and fluo-3. Using UV and 488-nm exci-

C Ctation, each dye was independently but simultaneously ana-
lyzed in the same cells. After exposure to ionomycin, indo- I
showed the expected response associated with calcium in-
flux; however, after an initial increase in fluorescence,

29 ",fluo-3 intensity declined at the same time that the indo-I ra-
dio remained stably maximal. The reasons for the different

""t "behaviors of the two dyes is not yet clear, although it almost
"certainly is related to one or more of the points discussed

S. ...... .... above. This experiment demonstrates graphically the need

T shows the result of stimulation with anti-CD3 m.Ab 2C1 1 (25 "gWl).

i 4 sThe ungated total con response is small (doffed line), whereas the
TIME (MIN) response galed upon the T-cell region of A is approximately seven-

Figure 31.& Analysis of splenic B- and T-cellS S6 mouse spleen fold larger (solid line), and B-cells (dashed line) show no response. C
culo were stained with PE-thy-1 (T-cells) and FITC B220 (B-cells). A shows stimulation with goat antimouse Ig (25 plmI): to tesponse
shows the blvarlate pill of FITC vs. PE. Ffeen percent of spleno- gated to show only B-cells (dashed line) is twice as large as that of all
cytes we T-cells (quadrant 4) and 44% are B-colls (quadrant 1). B cells (doffed line) and T-cells (solid line) show no response.

S- " , . - :!
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Figure 31.7. lonomycin treatment of CD4" peripheral blood T-cells the partial return to baseline seen in fluo-3 intensity and not seen in
simultaneously loaded with indo-1 and fluo-3. The indo-1 ratio is the indo-1 ratio. This observation was variable over a series of experi-
shown in A and B. and the fluo-3 intensity is shown in C and D. Note ments (data not shown).

for care in assessing correspondence to [Ca2*]i by indicator DMSO and then scavenging residual ionophore by washing
dyes. with a buffer containing 2% bovine serum albumin.

UNSTABLE OR BROAD BASELINE DISTRIBUTIONS POOR CELLULAR RESPONSE

Under typical conditions, the baseline [Ca2+i] distribution Failure of the cells to show proper response to various treat-
should show little (<3%) variation from sample to sample ments may be due either to difficulty with the cells or with
and should, with indo-l, be narrow and, most often, follow the instrument. To differentiate between these, the cells
a normal (Gaussian) distribution. Some cell lines may have should be stimulated with the calcium ionophore ionomycin
asymmetric distributions and altered mean values of "rest- and the magnitude of R,. to R should be determined. If the
ing" [Ca2*)], which can often be ascribed to a subpopulation indo-I ratio of R,.,/R increases by the amount described pre-
of cells with elevated [Ca2*]i. This may result from the im- viously, or if the fluo-3 fluorescence increases by approxi-
paired viability of some cells, "spontaneous" activation of mately five-fold, then the instrument is functioning properly.
some subset of cells, or presumably, biological beterogene- If the increase is less than expected, then one should obtain
ity within the cell population (for example, cells within cer- an independent preparation of cells, such as murine thymo-
tain phases of the cell cycle). Sometimes, the baseline will cytes or human PBL. If these cells load properly and also
start at a normal level and then rise with time. This may be respond poorly, then the instrument alignment should be
due to the failure to completely remove from the sample checked. With indo-l, not uncommonly, the violet or blue
lines an agonist from a previous experiment. The most corn- signals may not be properly focused, or there might be inter-
mon problem has been residual calcium ionophore; this can ference from a second laser. This problem can be pinpointed
be effidienly removed by first washing the sample lines with by analyzing separately the blue and violet signals after io-
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nophore treatment; the violet signal should increase approxi- single cells (44). In addition, there is evidence that calcium
mately threefold and the blue signal should decrease approx- elevations occurring after cellular stimulation may be oscilla-
imatley twofold (Fig. 31.2). tory rather than sustained (45, 46), thus raising the possibil-

If the instrument is functioning properly, then the prob- ity that some cellular processes controlled by calcium may
1em may be in the cells. The cells must be loaded with suffi- be frequency-modulated as well as amplitude-modulated.
cient indo-I or fluo-3 to be detectable well above autofluo- Since flow cytometry cannot measure the calcium concentra-
rescence. If there is any question, this should be checked tion inside a single cell as a function of time, it is not possi-
independently with fluorescence microscopy, especially if ble to distinguish whether there is a subpopulation of cells
one has become familiar with the expected fluorescence of that is responding with a sustained response or, alternatively,
loaded cells examined in this manner. If the cells are too dim whether there are two populations of cells, one that has ele-
or excessively bright or if the dye is compartmentalized, the vated calcium concentration and one that has basal levels. In
ability to detect calcium signals will be impaired. For un- spite of these limitations, determination of [Ca2*]i in large
known reasons, the calcium signaling of B-cells, and not T-
cells, is particularly sensitive to overloading with indo-1 (10 numbers of single cells using flow cytometry with indo-l of-
13). The cells must be suspended in media that contains cal- fen great practical advantages and allows measurements of a
cium; occasionally, responses will appear blunted because of kind that is not possible to achieve by means of the alterna-
the inadvertent resuspension of cells in a medium than con-
tains no added calcium.

Applications of the Flow Cytometric Analysis of

EFFECT OF ANTIBODY LABELING [Cal*],

In the simultaneous analysis of [Ca-" ]i and immunofluores- The flow cytometric assay of cellular calcium concentration
cence, consider that the use of the antibody probe can itself has already been applied to a wide variety of cells, providing
alter the cellular [Ca:"J]. It is becoming increasingly clear interesting and sometimes unexpected results. Examples of
that the binding of monoclonal antibodies (mAbs) to cell sur- the initial applications of the technique are presented in re-
face proteins can alter [Ca24 ]i, even when these proteins are cent reviews (47, 48). One of the first observations that was
not previously recognized as part of a signal transducing made readily quantifiable by the flow cytometric analysis
pathway (10, 33-38). For example, antibody binding to CD4 was that there is great heterogeneity in the response of lym-
will reduce CD3-mediated [Ca*i signals; if the anti-CD4 phocytes to mitogenic agonists. Using simultaneous immu-
mAb is cross-linked to the CD3 complex, as with a goat- nofluorescence, some of this heterogeneity can be shown to
antimouse mAb, the CD3 signals are augmented (39, 40). be related to immunophenotypic subsets; for instance, CD4*
Antibody binding to CD8 has similar effects (unpublisheddata).cells show More vigorous responses to phy-t~hemagglutinin,data).

As a consequence of these concerns, a reciprocal staining concanavalin A, and mAb to CD3 (see Fig. 31.5) than do

strategy should be used whenever possible so that the cellu- CD8÷ cells (10, 49). Considerable use of this approach has

lar subpopulation of interest is unlabeled while undesired been made in the demonstration of differences between

cell subsets are identified by mAb staining. The CD4* sub- [Ca24 ]j activation requirements of different cell subsets and

set in PBL may be identified, for example, by staining with a subset specificities of activation pathways. The effects of an-
combination of CD8, CD20, and CDI 1 mAbs (10), and the tibody binding to cell surface molecules, sometimes a com-
CD5 subset can be identified by staining with CDl6, plication in labeling experiments (see above), has been ex-
CD20, and HLA-DR mAbs (35). Finally, it is important to tensively employed to analyze signaling mechanisms, and
reiterate that, when staining cells with mAbs for functional augmented, or even new relationships have been probed by
studies, antibodies must be azide-free for metabolic pro- cross-linking antibodies on the cell surface (39, 50). Flow
cesses to be uninhibited. Commercial antibody preparations cytometric measurements with indo-1 have been performed
may thus require dialysis before use. to date with all nucleated blood cell types. Applications of

fluo-3 have been reported with most types, with reports ap-
INTRINSIC LIMITATIONS OF FLOW CYTOMETRY pearing at a rapidly increasing pace. The combination of sen-

Flow cytometry is unable to detect heterogeneity of cellular sitivity, reliability, and ability to analyze large numbers of
calcium concentrations within a single cell, and there are re- cells within cell subsets has made the flow cytometric assay
ports from assays using digital video microscopy that, in of [Ca2 ÷]i the preferred technique for a broad spectrum of
some situations, calcium transients may be present only research applications.
within compartmentalized sublocations (41, 42). It has been There are many potentially exciting clinical applications
reported that the photoprotein aequorin may in some circum- of the flow cytometric assay of cellular calcium concentra-
stances help to detect changes in cytosolic calcium not re- don (47). One topical example is the study of the effects of
ported by indo-1 (43), although use of the two indicators is the human immunodeficiency virus (HIV) infection. In in vi-
complementary because aequorin cannot measure Ca2* in tro studies, the 1IV-1 retrovirus was found to impair signal
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100. of cells, in that subset may show an altered response. Dem-
/-Control onstration of such heterogeneity in [Ca-'*]i signals would

¢60 o•have been impossible to discern in conventional assays car-
Tied out in a fluorimeter where only the mean calcium re-

CO. 601 sponse is recorded.

C,

_40.. INTRACELLULAR pH
Z t ,i PotVen t 3 Introduction

S20. I.:.. : "V'/\.. The pHi of mammalian cells is -7.2, and pHi appears to be

closely regulated (the coefficient of variation measured by
0. flow cytometry is -5%). In mammalian cells, pHi is regu-

0 A0 80 120 160 200 240 280 320 360 400 lated by at least three mechanisms, including Na*o/H*i ex-
Time (Seconds) change, sodium-dependent CI-.HCO3)-j, and HCO 3)-J

Figure 31.8. PBL from asymptomatic HIV-inlected patienis or an Cl- exchange. Acid extrusion is primarily accomplished by
uninfected control donor were stained with FITC-CD8 and PE-CD5. the Na*/H÷, antiport and by sodium-dependent Cl'J
The cells were loaded with indo-1, stimulated with anti-CD3 antibody HCOC,)-i, while HCO(3)-./Ci- exchange has the major role
38.1 (1 Wg/ml), and changes in calcium were monitored in the CD4*
(CD5"CD8-) cells. The time course of the percent of responding cells for base extrusion. All of these mechanism., appear to be
is shown. stimulated by a variety of growth factors -nd by phorbol es-

ters, presumably through the activation of protein kinase C.
It was initially proposed that an alkaline shift in pH, itself

transduction in CD4 cells, the major target of HIV-I (31). might be a signal to regulate cell activation. A number of
Recent studies suggest that CD4 T-cells from HIV-infected reports purporting to show a role for pH, in cellular activa-
patients also have impaired responses to T-cell receptor stim- tion are derived from measurements made in bicarbonate-
ulation (G.P. Linene et al., unpublished). Due to the neces- free medium. Thus, nonphysiologic (HCOa)-free) buffers
sity of analyzing live, retrovirus-infected cells on the flow were used so that only the Na* /H+ antiporner could operate
cytometer, a closed fluidics system is used to prevent the and, thus, alkalinization was the dominant response. Recent
generation of aerosols. Lymphocytes from patients with reports, performed in physiologic medium, show that cellu-
early-stage HIV infection (Walter Reed stage 1f-ItT) have lar activation is, in fact, accompanied by acidification in
been isolated, loaded with indo- I, and the CD4 subset hasbeen analyzed, byaded wathinon the the CD8 subset ofs many cases and that the net effect (acidification or alkalin-
_= been analyzed by gating on the CD5bi÷ CD8- subset of ization) is a function of the medium in which the experiment
cells. More than 80% of HIV-infected patients have anti- is conducted. Thus studies of pHi are important physiologic
CD3-induced calcium responses that are below that of age- tools for the elucidation of various ion exchange mechanisms
and sex-matched control donors. There is substantial patient- but cannot be taken as evidence per se of cellular activation
to-patient variability, with some patients having minimally (52).
diminished responses and others displaying severely reduced
signaling (Fig. 31.8). Thus, both normal CD4 T-cells after Indicators of Intracellular pH
HIV infection in vitro, and the CD4 T-cells from patients
with early stage HIV infection have impaired signal trans- Until recently, the most commonly used probes were modifi-
duction. It is likely that the mechanism of impaired signaling cations of fluorescein-fluorescein diacetate being the first-
may differ in vitro vs. in vivo. During in vitro infections, generation pH probe-followed by carboxyfluorescein
more than 50% of the CD4 cells can be shown to be in- diacetate (COFDA). Both of these dyes are limited by rela-
fected. In contrast, <1% of CD4 cells from patients with tively poor retention inside loaded cells. An improved fluo-
early-stage HV infection can be demonstrated to be in- rescein probe is 2',7'-bis-carboxyethyl-5(6)-carboxyfluores-
fected, so that an indirect mechanism must exist for the virus cein (BCECF). As with indo-I and fluo-3, BCECF is loaded
to impair signal transduction pathways in uninfected cells. In into cells using the acetoxymethyl ester, after hydrolysis, it
any case, the existence of this abnormality may prove to be a has a negative charge of - 4 or - 5 and, therefore, leaks
sensitive test of the immune system function in MIV infec- more slowly than COFDA. The pKa of BCECF, 6.98, is
tions. Current studies in several laboratories are exploring near the pK- of resting cells, and there is a pH-dependent
whether or not this application may provide prognostic infor- shift in the excitation wavelength, making it possible to use
rmation and whether the assay may be useful for the manage. the ratio of fluorescence signals to correct for differences in
meat of this chronic illness. Study of MIV infction does il- loading and cell size. In addition, BCECF fluorescence ex-
lustrate the utility of flow cytometry in the clinical setting in cited at 450 rui is pH-independent, while fluorescence at
which only one immunological subset of cells, or a portion 500 nm is pH-dependent, allowing ratiomea-ic fluorescence
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Table 31.1
Fluorocbromes for Ratiometric Determination of pH Using Flow Cy-tomerry

Probe + pita Elduttia2a Emissiuo Refgnacts

Bis-carboxyetityl-carboxyfluoresein 6.98 ratio 439/490 535 ParadisO et al. (130)
A eoymediy] ester (BCECF AM) 488 ratio 5201620 MusgrOvtet Wt. (131)
Diamaoxy-dicyanobenzene (ADB); yields 8.0 -350 ratio 425/540 Cook and Fox (132)
DicytAnydroquinone (DCII) after de-estenification Musgrove et Wl. (131)
CArboxy SNARF-l acetoxymethyl acetate 7.50 514 or 530 ratio 575/670 AWhiker et a]. (55)

(SNARF-l)

emission analysis (Table 3 1. 1). In both cases, the magnitude SNARF-1
of pH-dependent ratio shifts is relatively modest (for exam-Ex48n
ple, when the pH is raised from 6.5 to 7.5, the ratio of fluo-Ex48n
rescence intensities after excitation of FDA at 436 rim and pH 6.0
495 rim increases by only 1.45 to 1.55 times (53)); this is
much less of a shift than is seen with SNARE- I (see below)
and, thus, these dyes are largely supplanted by the latter.

Subsequently, several UV-excited pH probes were devel- 2
oped. The most useful of these is I ,4-diacetoxy-2,3-dicy-a-
noberizene (ADB). The cell-permeant ADB is hydrolyzed7.
and trapped intracellularly to yield 2,3-dicyanohydroquinone
(DCH) (54). DCH fluorescence is pH-dependent, while the
esterified forms exhibit pH-independent fluorescence; there-
fore, care must exercised to ensure complete deesterification
of the ADB. Ratiomnetric determinations of pH are possible p .
using a single excitation source by measuring fluorescence
emiission at 429 nmi and 477 nrn (Table 3 1. 1). As with mea-
surement of fCa2Ji, many laboratories will find the require- 550 600 650 700
ment for UV excitation to be the primary limitation for use Wavelength (m)
of this probe. Figure 31.9. Fluorescence emission spectra of SNARF-1 as a turic-

Recently, the most useful probe for pH1 measurement tion of pH. Excitation was at 488 nmn. (Courtesy of R. Haughland. Mo-
has been introduced; a compound termed SNARE- I lectilar Probes, Eugene, OR).
(SemiNaphthoRhodaFluor) (55). This is the first pH probe to
have fluorescence characteristics that provide truly useful Preparation of Cells: for SNARF-1 Analysis
and sensitive ratiometric properties. SNARF- I appears to be As with indo- I, the optimal conditions for loading must be
the most promising reagent for use in flow cytomnetry, as it empirically determined for each cell type. Cells must be
has convenient excitation spectra and exhibits large changes loaded only to the point where the fluorescence signal is
in pH-dependent fluorescence (Fig. 31.9). The acid form of above autofluorescence and sufficient for detection by the
SNARE- I has absorption maxima at 518 and 548 =i, while fo yoee.Atpcllaigpooo s
the base form excites maximally at 574 rum. The emission of fo yoee.Atpcllaigpooo s
SNARE-i in acid is maximal at 587 =i and the basic form 1. Incubate cells (S2 x 10'/inl) in buffered (for example, HEMES
emits maximally at 636 rim; there is an isosbestic point at (4-(2-hydroxyethyl)-1-PiperZine-cthanesufonic acid), see
610 am. In practice, either the 530-nm line of a krypton-ion above for rationale for using bicabonate-free buffer or not) me-
laser or the 514-nm line of an argon-ion laser are optimal for diuml with 2-6 jiM carboxy SNARM- (diacetate) at 30'C to
excitation, while emission should be collected at both 575 2. * fo 30'

mm ad 60 tm ad te rtioof hes sinal caculted Ex 2.Cenrifuge and resspend in fresh mediuim at fth desired cell
rit n 4 i n h ation of theF1at48 seol sightlyes calulted.alx concentration (usually -l0'/ml). Store cells at 2?C and protect

citation ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~ ~~fo ofSAEIa 48rmi ny lgtyls otml ih untrl analysis. The cel pellet wil appear faintly pink.
because it has the advantage of permitting simultaneous 3. Warm aliquot of SNARE- I loaded cell to 37*C for 5 to 10 min
analysis of FITC probes (i.e., immnunofluorescence), this befo analysis. The medium and sheath fluid should be baf-
will probably be the most comnmonly used excitation wave- fare saline. The rate of cell analysis can vary, commonly, Cells
length- awe analyzed at 200 to 300 cells/sec.
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10 of high potassium buffers of different pH (with otherwise
identical ionic composition). The cells should be loaded with

0 the pH probe and treated with the proton ionophore nigericin
P- 7 (1 i.zg/rrm), added in order to equalize pHi and to buffer pH
< (56). Nigericin produces the equilibrium [K*i]/[Ke] =c[H*i]/[H+o]. Thus, in the presence of nigericin, pHi can be7 calculated with the knowledge of [K*,], [K*.] and the buffer

cc _pH. Equilibrate tube at 37C for 15 min, and measure
z 3 SNARF-I fluorescence ratio at 37TC. Note that nigericin is
to toxic to human lymphocytes at >5 tgg/rrl, manifested by

loss of cellular fluorescence.
, ,A calibration curve can be constructed by plotting values

6.00 6.25 6.50 6.75 7.00 7.2' 7.50 7.75 6.00 of pHi vs. the SNARF-I fluorescence ratio (Fig. 31.10). The
pH ratio changes -3-fold between pH 6.0 and pH 8.0. Most of

the ratio shift occurs between pH 7 and pH 8, as the slope of
Figure 31.10. Calibration of the SNARF-1 ratio of fluorescence

(670/575 nm) to pH. Jurkat cells were loaded with SNARF-1 and the curve is much less between pH 6 and pH 7.
resuspended at 37"C in buffers containing 135 nM K" with varying pH
in the presence of nigericin. Excitation was at 514 nm. Simultaneous Analysis of pH and Other Fluorescence

Parameters
Flow Cytometric Analysis of SNARF- 1-Loaded Cells As mentioned above, the fluorescence emission properties of

,emission should be collected SNARF-I allow simultaneous excitation of FITC probes us-As described above, SNARF-I msinsoldb olce ing the same 488-nm laser. Analysis of ph, in immunophe-

using orange and red bandpass filters centered at 570 rnm (or- nothpically -ne llsets usin o njugatebange an 64 to670am red. Te rtioof ed/rane fue- notypically-defined cell subsets using FITC-conjugated mAb
ange) and 640 to 670 nm (red). The ratio of red/orange fluo- is thus very straightforward. Similarly, single-laser [Ca 2 -]i
rescence intensity is proportional to increasing pH (Fig. measurements with fluo-3 simultaneously with pHi are easily
31.10). See the corresponding section above on indo- I anal- performed. When a second UV laser is available, [Ca* ],
y'ses for further discussion of ratiometric analysis. measurement with indo-I is preferred. Fig. 31.11 illustrates

SNARF-I is a vital dye and, therefore, dead cells are the analysis of [Ca* ]i and pH, in splenic T-cells. FITC-CD4
efficiently excluded from analysis by electronically gating oncell tht hve luorscece.If ITCfluoescnceis ea- mAb was used to gate the analysis specifically upon this sub-cells that have fluorescence. If FI XC fluorescence is m ea- se of m i e p n cy s( ot h w ),a d he t o f U V
sured simultaneously, as for determination of cell subsets, set of grouine splenocytes (not shown), and the ftios of UV-
suitable gating on this parameter would also be used. Using excited green and violet indo-l emission and 488-ncm-excited
single-beam 488-nm illumination for analysis of FITC fluo- red and orange SNARE-1 emission were each calculated.
rescence requires compensation for overlap into the green The elevation in [Ca2 i reached its peak within 5 mi after

FITC bandpass from the leftward tail of the SNARE- I emis- antibody to the T-cell receptor (CD3) was added and, subse-

sion spectrum. This is analogous to the routine color com- quently, slowly declined (Fig. 31.11A). Intracellular pHi

pensation used when analyzing PE with FITC, except that reached its peak more slowly, 10 min after addition (a 0.2
even greater crossover compensation may be required when unit alkalinization), and thereafter also slowly declined to-
the SNARF-I fluorescence is bright. Alternatively, cells can ward baseline (Fig. 31.10B).
be stained with amino-methycoumarin acetic acid (AMCA)-
conjugated antibodies and fluorescence analyzed using UV INTRACELLULAR GLUTATHIONE
illumination, thereby avoiding the need for compensation. Introduction

The effective Kd of SNARF-I for protons is 7.5, which
is near the pHi of resting cells (pHi = -7.2). The pHI of Glutathione (glutamylcysteinylglycine, GSH) is an important
stimulated cells may decrease or increase, depending on cell antioxidant tripeptide thiol that is involved in the scavenging
type, stimulus, and medium composition (52). As seen in of toxic oxygen products (57-59). In addition, GSH is in-
Fig. 31.9, described below, SNARF-I has a greater sensitiv- volved in a number of other important reactions in the cell,
ity in reporting alkaline shifts than acidification. including conjugation of xenobiotics, amino acid transport,

and deoxyribonucleotide synthesis (57). GSH is also impor-
tant for the maintenance of cellular thiol redox status, and its

Calibration and Data Analysis redox state has been proposed to be a major determinant of
the functioning of a number of enzymes (60-66) and of the

For each ixperiment, it is necessary to construct a calibration integrity of cytoskeletal proteins (67). The biochemical path-
curve so that one may determine the fluorescence channel ways of GSH synthesis, renewal, and utilization ae outlined
number as a funicon of pHK. Cells are suspended in a series in Fig. 31.12.

,"0
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. ............... ............ ............... . . ...... .These roles for GSH have important consequences upon
cell physiology and mitogenic activation. In general, aug-

• .menting cellular GSH with cysteine delivery agents such as
N-acetycysteine, oxathiayolidine carboxylic acid, or gluta-

0 .thione esters has a positive effect on cell growth, whereas
depletion of GSH inhibits many cellular functions (57). GSH
is known to influence cell growth and replication at various

il I F levels including GI/S-phase transition (68, 69) and very early
O 40 events in mitogen-induced cell activation (70). We will dis-
a cuss later in this chapter some evidence that GSH affectsz very early steps of signal transduction. Other aspects of cell

growth, such as protein synthesis, are also influenced by
71 .GSH levels, since -y-glutamyl transferase-dependent amino

acid transport utilizes GSH (71). Interestingly, although acti-
a4 8 2 s6 28 24 28 vation steps that are important for cell replication of lympho-

4 ": TIME(micytes are GSH-dependent, those activation steps that are nec-
* -" essary for acquisition of differentiated functions are not
U anecessarily GSH-dependent (72), although some workers

21 have reported that GSH content can influence these functions
2" as well (73, 74).

.2GSH has also been shown to affect the responsiveness of
R 24 2 cells to various cytokines. For example, intracellular GSH

has been shown to enhance the action of IL-2 in lymphocytes
C . . . (72, 73, 75, 76), whereas extracellular GSH has been shown

•, ,.,"; .: :. :" " " .'. " to decrease the effects of granulocyte.1macrophaee colony
so h.m''"stimulating factor (GMl-CSF) and platelet-derived growth

0 factor (PDGF) on granulopoiesis and fibroblast proliferation,
,I- respectively (77, 78). For GM-CSF, this effect is thought to

be mediated through direct competition by GSH for the GM-
CSF receptor. In fact, GSSG, the oxidized form of GSH was
found to have the capacity to stimulate the GM-CSF receptor
d: directly (78). The mechanisms responsible fof-the inhibitory

Z effects of GSH on PDGF-stimulated fibroblast growth are
it less well understood.

. I The activity of redox-responsive oncogene products and
t .t DNA-binding factors responsible for gene regulation may
"".... • . also be affected by the GSH status of the cell (79-85). For

TIME (min) instance, the interaction of c-fos and c-jun products are
74s D known to be redox-sensitive (79). Another example is that of

oo 74, NFkB. Roederer and colleagues (83) have shown that this
"74,4 nuclear binding factor can be inhibited from binding to regu-
X M.. latory DNA binding domains by n-acetylcysteine, a drug that
X ri increases the GSH level of cells.

IL 72 Finally, GSH has recently received attention because of
4 t t, its role in a number of pathological disease states, including

Figure 31.11. Simultaneous analysis of murine splenocytes loaded tumor cell resistance to chemotherapeutic agents (98, Chap-
with ndo-1 and carboxy SNARF-1. Murine splenocytes were loaded ters 14 and 27, this volume), idiopathic pulmonary fibrosis
wl klndo-1 and SNARF-1 and stained with FITC-conjugated anti-CD4 (86, 87), and acquired immune deficiency syndrome (83,
mAb. Fluorescence was excited by the UV lines of a krypton-ion laser
&Wnd fe 488-nm line from an argon-ion laser. The ratio of indo-1 fluo- 88-91).

rieosnce (395 nmt525 nm) and of SNARF-1 fluorescence (665 nm/
575 rnm) is displayed vs. time. The analysis was gated on the FITC-
CD4 Iluorescence at 525 nm. Anti-CD3 antibody 2C11 was added
ding ft gap in the analysis. The calcium and pH values for individ- Fluorescent Indicators of Intracellular GSH

ual cl are plotted as dot plots in the upper panels, and the mean Several yeas ago Durand and Olive (92) published a review
response vs. time is plotted in the lower panels. (Cae-I increased offurescent i nd Olincludish , a t
froM 0.13 ILM to 0.36 i.M and pH, increased 0.2 units. of fluorescent indicators for thiols, including GSH, that

might prove useful for flow cytomet€ic purposes. The prob-
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OVERVIEW OF GLUTATHIONE METABOLISM

XENOBIOTIC \ \ I /
CONJUGATION TION

PROTEIN TRANSPORT c oPRTENAMINO ACID 
'00THIOL REDOX GS-Bimane GLUTAMATE

MCB/
GLLIrATHINE- ?GLUTAM). GtUrATHICE-S. GLYCINE CYSTEINE

PROTEINIXED T�RSPEPTDSE TPANSFERASES ) .GLUTAMYLCYSTEINE
DISULFIDE OXOO 107 0-rHTA
REDUCTASE ox7, ST) STHE TA SE

\ / LsYrETAST E GLUTATHIONE SYNTHESIS

GLUCOSE yNADP GSHH202

HEXOSE GLLUTATHIONE GLUTATHRONE SOD
MONOPHOSPWrE REDUCTASE PEROXIDASE

RIBUILOSE ... W' 1
K DP _-' GSSGJ ý"K%*,. HO

5-PHOSPHATE 2

GLUTATHIONE REDOX CYCLE

Figure 31.12. Overview of glutathione (GSI' metabolism. GSH is hexose monophosphate shunt (also called the pentoss phosphate
synthesized in a two-step process (upper right hand portion of figure): shunt). GSH can also serve as a cosubstrate for glutathione transfer-
cystelne is metabolized to g-glutamylcysleine (g-CC) by g-GC ase-mediated conjugation of xenobiotics (shown here is the conjuga-
synthetase and then to GSH by GSH synthetase. In the glutathione tion of monochlorobimane (MCB). to the fluorescent glutathione-
redox cycle (lower portion of figure) glutathlone peroxidase uses GSH bimane corjugate, top of figure). GSH also has important roles in
to reduce hydrogen peroxide and other peroxides and, in the process, amino acid transport and in the maintenance o( protein thiol redox
GSH becomes oxidized (GSSG). Reduction of GSSG to GSH by status (upper left of figure).
glulathione reductase requires NADPH, supplied primarily by the

lem with all of the dyes reviewed was one of specificity for dye has the same disadvantage as MBB of potentially bind-
GSH. Durand and Olive (92) concluded that a promising rea- ing to other nonprotein thiols in the cells such as cysteine
gent at the time for flow cytometric determination of GSH and ,y-glutamylcysteine. Nonetheless, OFT still has the ad-
was monobromobirnme (MBB). Poot et a). (93) used this vantage that, when bound to protein thiols, it has slightly
reagent in their investigation of human diploid fibroblast different spectral characteristics than when bound to GSH
GSH metabolism, and employed n-ethylmneimide-treated (higher blue fluorescence and less green fluorescence), al-
"'blinks" in order to control for nonspecific protein thiol lowing one to simultaneously measure the sulfhydryl redox
binding, status of protein and of low molecular weight thiols (94).

Anodr reagent that has since been introduced for flow A major advance in the measurement of GSH by flow
cytometric evaluation of GSH is o-phthaldialdehyde (OPT) cybometry was made by Rice et Al. (95), who used mono-
(94). OPT i supposedly more specific for GSH than MBB chiorobimane (MCB) to detect changes in GSH status of in-
because, in addition to reacting with the cysteine thiol group dividual normal and tumor cells. Many papers have since
of GS]H, it also reacts with the amino terminus of GSH, been published applying this technique to a number of inter-
forming a higly fluorescent cyclic smxte. However, this eWsng problem in biology and medicine (70, 96-402). This
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dye owes its specificity for GSH to the fact that it is conju- TSO and BPO, then MCB/FCM would be a convenient as-
gated to GSH by glutathione-S-transferases (GSTs) (see be- say for the polymorphic expression of this isozyme, the ex.
low) and has relatively low nonenzymatic reactivity toward pression of which has been associated with a decreased risk
GSH and other thiols (103). for certain cancers (108-111).

Another reagent, chloromethylfluorescein diacetate Figure 31.13A shows a comparison of human T-cefls
(CMFDA) has recently been described for measuring intra- stained with MCB at two different concentrations. It is obvi-
cellular GSH (104). Once inside the cell, this dye is deesteri- ous that the fluorescence of these cells is much higher when
fled to a hydrophilic cell impermeant product chloromethyl- one stains with 1 mM MCB. We have also found, in contrast
fluorescein (CMF) by nonspecific esterases. CMF is then to Cook et a]. (96), that the rate of GSH conjugation in
presumably metabolized in a manner similar to MCB, yield- human cells is temperature-dependent. As seen in Figure
ing a GSH-MF fluorescent conjugate. The advantage pro- 31.13A, a significantly faster rate of fluorescence develop-
vided by this dye is that excitation and emission characteris- ment is achieved when cells are incubated at 370C rather
tics are similar to fluorescein once conjugated to GSH, than at room temperature, and the relative difference is
allowing one to use this dye simultaneously with UV excita- greater with 60 pLM MCB than with 1000 I.LM MCB. This
ble dyes-for instance, with Hoechst 33342 for simultaneous result is consistent with the observations of Seidegird and
GSH and DNA determinations (see below). The principal colleagues (108) who showed that the maximum activity to-
disadvantage of this dye is that it is apparently less specific ward TSO occurs at 40C in peripheral blood mononuclear
for GSH than MCB (104). cells. In the studies published by Cook et al. (96) and

Ublacker et a]. (101), cells were reacted with MCB at room
temperature (although it is mentioned in a footnote to the

Performing and Calibrating GSH Analysis Cook paper that they did not see a temperature dependence

FACTORS THAT AFFECT THE UTILITY OF MCB FOR GSH in the cell types they examined). Both of these groups have
MEASUREMENTS addressed the limitations of the MCBiFCM method when
We and others have found that the conditions required to ad- measuring GSH in human cells (especially tumor cells). The

equately stain cells for GSH content with MCB depend upon specificity of the various GST isozymes toward MCB as a

several factors, including the concentration of dye used, function of temperature needs to be more fully explored.

staining time, and temperature. Cook et a]. (96) have re- Figure 31.13B shows that rodent cells (Rat-I fibroblasts)

cently reported that 50 ýaM MCB are sufficient to label most exhibit more rapid and higher MCB staining with lower con-

of the GSH in rodent cells; however, it appears that the Km centrations than human lymphocytes, which is consistent

toward MCB for human GSTs is much higher, suggesting with Cook et al. (96). Note, however, that appreciable dif-

that an appropriate concentration may be closer to I mM ferences between 60 IM and 1000 ILM MCB still remain,

MCB. Moreover, there are different isozymes of GST in dif- and that the temperature used for incubation has a smaller,

ferent cell types; classes described include at, a, and - but still reproducible, effect than is seen with human T-cells.

forms, grouped according to their mobility on isoelectric fo- Thus, for both rodent cells (Rat-i fibroblasts) and human

cusing gels. The GST isozymes are homo- and heterodimes cells (PBL), the concentration of dye used can substantially
of peptides coded from multiple genes (105). Heterogeneity affect the amount of fluorescence seen on the cell sorter. The

in the expression of the different isozymes of GST in differ- choice of a dye concentration depends upon the cell type be-

ent cell types, coupled with the fact that different GST ing used, the Km for MCB for the GST isozymes of those

isozyme classes show different reactivity toward MCB cells, and the proportion of GSH one wishes to derivatize

(GST-~IL > GST-a > GST--7) (96, 101), means that one within the cell. Even with these higher concentrations of

must be very careful to substantiate flow cytometric data MCB, not all of the GSH has been derivatized. The basis for

with other conventional biochemically based assays of GSH this incomplete derivatization has been attributed to the inhi-

(see below). This caveat is especially relevant when examin- bition of GST by the GSH-bimane conjugate (96).

ing human tumor cells, many of which express primarily Nonetheless, we have found that lower concentrations of

GST-7r, the isoform with the lowest reactivity toward MCB. MCB (60 p.M) may be used with human lymphocytes to re-

Caution is also appropriate in the use of MCB for m - flect qualitative differences in GSH level. If one wishes only

ment of GSH in human lymphocytes, since there is differen- to determine if there is a correspondence of some parameter

tial expression of a GST-w form (GST-X), depending upon with relative GSH content, and not the exact amount of GSH

culture conditions and growth state (106), and since GST-I. present, these lower concentrations of MCB may suffice (see

expression has been shown to be polymorphic in PBL from calibration section below).

humans, as indicated by reactivity toward trans-stilbene ox-
ide (T$O) and benzo-a-pymne-4,5-oxide (BPO) (106-110). PRACTICAL CONSIDERATIONS FOR STAINING WITH MCB
In fact, if GST-t. shows the same polymorphic distribution Stock solutions of the dye are prepared either in ethanol or
In the human population toward MCB as it does towards DMSO, such that at the final working concentration the total
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S50" Since many flow cytometric applications of the use of
"MCB will be concerned with relative differences in GSH

C 45- content among different cell populations, a highly relevant
-40 calibration procedure is to examine cells with different GSH"C) content by both FCM and HPLC or biochemical assay. MCB
35- is easily used to discriminate between the degrees of GSH

depletion after treatments that oxidize or deplete intracellular

GSH. Figures 31.15A and 31.15B show a series of histo-
2 25- grams of human CD4÷ and CD8÷ lymphocytes pretreated

LL with various doses of 1-chloro-2,4-dinitrobenzene (CDNB; a
0 ¶0 20 30 GSH depleter). A dose-dependent reduction in MCB fluores-

cence (after correction by subtraction of autofluorescence) is
GSH (nmol/mg Protein) by HPLC seen with increasing concentrations of CDNB in both T-cell

Figure 31.14. Correlation between GSH content measured by subsets. The measurement of the relative decline of MCB
HPLC and MCB/flow cytometry. Chinese hamster V79 cells were fluorescence as a function of CDNB concentration used for
treated with 0, 1, 3, 6, 9, or 12 mM BSO for 12 hr. Cells were then MCB depletion reveals that the lower concentration of MCB
processed for flow cytometry (45 mM MCB for 10 min at 37"C) or for (60 I.M) shows a greater relative depletion with increasing
HPLC determination of total reduced GSH content. (Reprinled with doses of CDNB than does staining with 1 mM MCB (Fig.
permission from Kavanagh TJ. Martin GM, Livesey TC, Rabinovitch
PS. Direct evidence of intercellular sharing of glulathione via meta- 31.15C), and a closer correspondence with GSH concentra-
bolic cooperation. J Cell Physiol 1988;137:353-359.) don, as determined by HPLC (Fig. 31 .15E). This suggests

that a greater proportion of the MCB staining at I mM is

ions are made up with 5 mM1 in DM50. If the cells are to be attributable to nonspecific staining of protein thiols and that,
stained in medium, care sadeupwiho 5 rtaken n toe esre or ex- in spite of the lower proportion of total GSH stained with 60
clude serum in the medium, since serum contains variable pLM MCB (Fig. 31.13A), this staining concentration may
estera u activitynrt e mium sincthe reagent exracellularly yield a more linear relationship to alterations in GSH content
esteracell acivi hat wfonrt. tin this cell type. Figures 31.15D and 31.15F show 25% to
to a cell impermeant form. 40% CDNB-resistant staining with MBB (higher with higher

MBB concentration), a result that is consistent with the
Calibration and Data Analysis staining of other non-GSH thiols by MBB. For each staining

CALIBRATION BY HIGH-PERFORMANCE LIQUID protocol used in Figure 31.15, there was little difference be-
CHROMATOGRAPHY (HPLC) AND TIETZE ASSAY tween CD4÷ PBL, CD8÷ PBL, and CD4-CP8- PBL (pri-

Since MCB fluorescence is dependent upon GST activity, marily B-cells). Data, such as that in Figure 31.15, suggest
and since CMIFDA stains thiols and is not necessarily spe- that, while absolute and intercell-type comparisons of GSH
cific for GSH (although under most circumstances GSH is using MCB may be more difficult, measurement of relative
the major low-molecular-weight-thiol in cells), it is impor- differences may be much more reliable in human lympho-
tant to calibrate the level of fluorescence measured by flow cytes. This result is in agreement with the study of rodent
cytometry with a more specific biochemical measure of cells by Ublacker et al. (101), but is in contrast with the
GSH. We have used H.PLC analysis and various doses of the results they obtained with human tumor and monkey cells.
GSH-depleting agent buthionine sulfoximine (BSO; an in- The latter showed disparity between flow cytometric GSH
hibitor of -y-glutamylcysteine synthetase) to ascertain the quantitation and biochemical assay. As described previ-
correlation between MCB fluorescence and GSH content in ously, this may be related to the predominance of the GSH-,'r
matched samples of Chinese hamster V79 cells (112). For isoform in these tumor cells, which has the highest Km for
this cell type, there is a very good correlation between mean MCB. Thus, while MCB fluorescence can, in some cell
cellular fluorescence by flow cytometry and GSH content by types, yield excellent correlation with GSH, this may not be
HPLC (Fig. 31.14). the case in other cell types, and reliance upon the flow cyto-

In order to determine MCB specificity for GSH, one can metric determinations should be made only after careful
simply run stained cell lysates over an HPLC column with study of the relationship of MCB fluorescence to indepen-
fluorescence detection and compare with known low-molec- dent assays of GSH content.
ular-weight-thiol standards that have been derivatized with
MBB (70). When this is done, we find that >99% of the GST ACTIVITY
MCB fluorescence is associated with the GSH peak in pro- As discussed above, heterogeneity among cell types exists
wein-free cytosolic extracts of normal human PBL. with respect to the total GST activity, the isozymes ex-

Another method of calibration is the Tietze recycling as- pressed, and their Km toward MCB. It is therefore important
say (113) or a modified version designed to handle multiple to address the question of GST activity toward MCB in a
samples ina microtiter plate (114). particular cell type in order to insure that one is using the
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appropriate MCB staining concentration, incubation time, adi range.
and temperature. Watson et a]. (115) and Cook et a). (96)
have described the use of MCB to assess GST activity in
cell. An example of this type of analysis is presented in cytometry. We have found thet simultaneous measurement
Figu e 31.16. Cellts in suspension are held at room tempera- of GSH-imependent fluorescence and electronic cell volumeturee or prewarmnd to 37"C, and a baseline autofluorescence yields data that can easily be adjusted for cell volume bias in
is established for 30 sew to I rain. Analysis is briefly inter- GSH content (Fig. 31.17,A). By acquiring data on log scale
rupted tand a predetermined aliquot of these cells is added to for both volume and MCB fluorescence, one can more easily
a room temperature or prewarmed tube containing MCB. distinguish between control and GSH-depleted cell popul•-

The suspension is then quickly analyzed for accumulation of dions. Compensation for volume by analyzing the ratio of log
fluorescence over time (usually 10 rain) at the preferred tern- fluorescence to log volume, allows one to appreciate dif-

pertur. Initial ratee of fluorescence accumulation are indic- frences that would otherwise be complicated by volume ee-
tire of G " activity. fects (112) (Figurs 31.17B and 31.17C). MCB analysis on

D/• NALSISinstruments that rely on sizing of the cells with forward-an*
D= ANLYSISgle light scatter can be made either by gating on a specific

Stim GSH concentration but not absolute content, is regu- cell size to minimize volume effects, or by displaying bivari-
lated in the cell, it is important to compensate for heteroge- ate histograms of the ratio of log fluoresce=c to log forward
neity in cell volume when assessing cellular GSH by fDow scatter.

•.. X
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Figure 31.18. Proliferation of human CD4" lymphocytes sorled on
MCB fluorescence intensity. Human lymphocytes isolated from pe-
ripheral blood by density gradient centrifugation were stained with
MCB (60 ýLM for 15 min at 37C) and PE anti-CD4 mAb. CD4" cells
were then sorted according to their MCB fluorescence for the lowest B LOW MCB SORT
10%, 1Oth to 20th percentile, 40th to 6Dth percentile, and the highest

20% of the fluorescence histogram. Cells were then plated into 96-
well plates precoated with anti-CD3 mAb in BrdU-containing medium.
After three days, cells were harvested and assessed for proliferation
by the BrdU/Hoechst method (129). There is a direct correlation be-
tween the MCB fluorescence intensity of the unstimulated cells and
their subsequent ability to proliferate. (Data kindly provided by Dr. A.
Grossman.)

Role of GSH in Cell Activation

A large number of studies have shown that GSH is important
for cell activation and replication. Most of these studies re-
lied on the disruption of normal GSH homeostasis with drugs Fgur 31.19. Effect of GSH status on the ability of C54* cells to

that either deplete or enhance GSH content in order to show become activated by anti-CD3 mAb, as determined by RNA synthe-
a GSH dependence for cell growth or function (69, 116- sis. Cells were stained with 60 ;.M MCB and sorted on GSH content

124). (upper and lower 30% of fluorescence histogram distribution), allowed

An alternative approach to the study of lymphocyte acti- to recover for 24 hr. and stimulated with solid phase anti-CD3 mAb.
After 48 hr, cells were fixed in ethanol, stained with acridine orange.

vation is to sort on the basis of GSH content and then to and analyzed by flow cytometry for RNA and DNA content Cells with

assess growth in the sorted cells after they are allowed to high GSH (high MCB sort) show the ability to exit G, (A), as demon-

recover to their pretreatment levels of GSH (70). There is a strated by elevated RNA content in G,. S, and Go cells, whereas cells

direct correlation between initial GSH content in unstimu- sorted for low GSH content have nearly all remained in Go (B). (Re-
printed with permission from Kavanagh TJ, Grossman A, Jaecks EP,

lated CD4÷ human lymphocytes and the capacity for subse- et al. Proliferative capacity of human peripheral blood lymphocytes

quent cell proliferation (Fig. 31.18). In an attempt to ascer- sorted on the basis of glutathione content. J Cell Physiol 1990;145:
tain the GSH-sensitive steps in cell proliferation, we stained 472-480.)
cells sorted on their GSH content with acridine orange in
order to assess their RNA and DNA content simultaneously; from the figure, this reagent, which effectively depletes
this allows one to distinguish activated G, cells from those GSH (Fig. 31.20B), as well as some protein thiols (126),
that remain quiescent (Go) (122). Figure 31.19 shows that dramatically reduced calcium signaling in CD4÷ cells. In
cells with low GSH remain in Go after mitogen stimulation, contrast to the results with T-cells, B-cells pretreated with
suggesting that there is an early step in cell activation that is NEM do not show similar reductions in calcium signaling
blocked in low GSH cells. (data not shown), indicating that these two classes of lyrn-

The effect of GSH content on very early steps in trans- phocytes have very different thiol-redox requirements for
mnembrmne signal transduction can be directly evaluated by their activation. To direcdy assess the relationship of GSH to
using indo-l to assess mrogen-induced changes in intracel- transmembrance signaling, we have sorted CD4+ cells on
lular calcium. Figure 31.20 shows the effects of prefetating the basis of their GSH content and subsequently evaluated
CD4* cells with n-ethylmaleimide (NEM) on their ability to mitogen-induced changes in indo-1 ratio. As shown in Fig-
respond to stimulation with anti-CD3 mAb. As is apparent um 31.21, cells with high GSH show more vigorous [Ca&2 ,

i~r
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Figure 31.20. Effect of depletion of intracellular thiols upon intracet- cells were stimulated with 30 W.giml anliCO3 , Ab and jCa'-I was
lular calcium signaling. Indo-l-loaded cells were exposed to various examined. There is a progressive inhibition of the rise in jCa'* as a
concentrations of NEM. which progressively deplete GSH (A). The function of increasing NEM concentration (B).

responses than cells with low GSH. These results suggest the neously will surely facilitate the identification of drug-resis-possibility that certain components of the transmembrane tant tumor cells from biopsy material, allowing one to ascer-

signaling apparatus in at least some cell types are sensitive to tain relationships between aneuploidy and changes in GSH
thiol oxidation. It is known, for instance, that p561ck con- content and/or GST activity.
tains a zinc finger motif and this should be sensitive to oxi-
dation. Freed et al. (126) have assessed the influence of Sorting on the Basis of GSH: Isolation of GSH
membrane thiol groups in lymphocyte proliferation, IL-2 Variants
production, and receptor expression, and have reported simi-lar findings. Surface thiol groups are also important for the Since MCB is a viable stain, one can sort cells on the basis
acfivation of neutrophils and monocytes (127). of their GSH content. Lee and Siemann (128) have usedMCB and cell sorting to isolate human ovarian tumor cells
GSK Variations During the Cell Cycle: Simultaneous with increased GSH content that were also resistant to ad-
GSHEVariationsof Duing the Cs riamycin. However, the cells reverted to normal GSH after

growth in culture over time. Using repeated rounds of MCB

The ability of CMFDA to be used as a thiol stain excited staining and sorting, a number of Rat-1 fibroblast variants
with visible light has made it possible to simultaneously that have stable alterations in their basal GSH content have
evaluate GSH levels and DNA content in viable proliferating been isolated (Fig. 31.23). These cells have not yet been
popuatin of cells (104). Figure 31.22 shows a bivariate charactized as to the basis of their altered GSH level.
cyegram of Rat-I filroblasts staine for GSH with C1FDA However, likely possibilities include mutations in the genes
and DNA with Howehst 33342. As one can appreciate from coding one of the two enzymes responsible for GSH synthe-
the figur, thee is a twofold increase in fluorescence in G: sis ('v-glutamylcysteine synthetase; glutahione stlihele).
cells; this incwrease appemar consistent with their increase in differential expression of GST isozymes, or deficiencies in
cell volume. The ability to evaluaft GSH ant DNA simuha- cysteine muspt. High GSH variants may have mutadons

• ,, • ,. .• , ,,, .4.• I . _
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Figure 31.22. Simultaneous measurement of DNA and thiol content measured with UV excitation and blue emission. The temporarily
In rat-I fibroblasts. Live cells were stained with Hoechst 33342 (10 delayed signal from CMF fluorescence was measured with 488-nm
mM) for 30 min at 37'C. During the last 10 min of Hoechst stairing, excitation and green emission. Cen aggregates were gated from the
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